Horizontal gene transfer allows organisms to rapidly acquire adaptive traits 1 . Although documented instances of horizontal gene transfer from bacteria to eukaryotes remain rare, bacteria represent a rich source of new functions potentially available for co-option 2 . One benefit that genes of bacterial origin could provide to eukaryotes is the capacity to produce antibacterials, which have evolved in prokaryotes as the result of eons of interbacterial competition. The type VI secretion amidase effector (Tae) proteins are potent bacteriocidal enzymes that degrade the cell wall when delivered into competing bacterial cells by the type VI secretion system 3 . Here we show that tae genes have been transferred to eukaryotes on at least six occasions, and that the resulting domesticated amidase effector (dae) genes have been preserved for hundreds of millions of years through purifying selection. We show that the dae genes acquired eukaryotic secretion signals, are expressed within recipient organisms, and encode active antibacterial toxins that possess substrate specificity matching extant Tae proteins of the same lineage. Finally, we show that a dae gene in the deer tick Ixodes scapularis limits proliferation of Borrelia burgdorferi, the aetiologic agent of Lyme disease. Our work demonstrates that a family of horizontally acquired toxins honed to mediate interbacterial antagonism confers previously undescribed antibacterial capacity to eukaryotes. We speculate that the selective pressure imposed by competition between bacteria has produced a reservoir of genes encoding diverse antimicrobial functions that are tailored for co-option by eukaryotic innate immune systems.
Eukaryotes can acquire new functions through the exchange of genetic material with other domains of life 1 . Indeed, bacteria-to-eukarya horizontal gene transfer (HGT) underlies the adaptation and diversification of many microbial eukaryotes, such as algae, choanoflagellates and protozoa 4, 5 . The acquisition of bacterial genes by metazoans is rare. Among the transferred genes, many are not expressed and have no known function 6 , while others have roles in endosymbiont maintenance 7, 8 . Relatively few reports provide evidence of transferred elements that confer traits which are directly beneficial to their metazoan recipients 2 . One recent example is the discovery that phytophagous mites and Lepidoptera species exploit a horizontally acquired bacterial cysteine synthase to feed on plants producing cyanogenic defence compounds 9 . Genes that can independently provide new functionality to a recipient organism are strong candidates for domestication after HGT 6, 10 . The Tae proteins are small, single-domain enzymes that can rapidly digest the bacterial cell wall 11 . These proteins comprise four phylogenetically distinct families (Tae1-4) that share no overall sequence homology and display unique specificities against peptidoglycan (PG) 3, 12 . In the course of probing tae distribution, we made the serendipitous observation that homologues are found in distantly related eukaryotic genomic and expression data sets ranging from unicellular protozoa to multicellular metazoans (Fig. 1a) . The genes did not appear to derive from contaminating bacterial DNA; most contain introns and are located in genomic regions flanked by eukaryotic genes (Extended Data Fig. 1 ). We therefore refer to these eukaryotic loci as domesticated amidase effector (dae) genes, and hypothesized that they encode antibacterial toxins horizontally acquired from bacteria. Maximum likelihood and Bayesian phylogenetic analyses revealed that trees of bacterial tae2-4 families each contained two distinct monophyletic clades of eukaryotic dae genes ( Fig. 1b and Extended Data Figs 2-4). Thus, we conclude that three of the four known tae gene families have been acquired by eukaryotes from diverse bacteria in at least six HGT events (Fig. 1a) . Our survey is biased by the status of genome sequencing efforts; therefore, these six instances are probably an underestimate of eukaryotic tae acquisitions.
Three of the dae genes we found are limited to individual or closely related eukaryotes (Fig. 1a , light green, light blue and dark blue). These could represent recent HGT events, or reflect limited genomic and transcriptomic sampling of related species. The remaining three dae genes appear to be the result of ancient HGT events. For instance, we found dae2 in ten species of ticks and mites (Fig. 1b) . This dense sampling, a shared intron between the dae2 genome sequence of I. scapularis and Metaseiulus occidentalis, and the fact that the tick and mite dae2 gene phylogeny closely resembles the established phylogeny of these organisms, lead us to conclude that vertical transmission followed a single HGT event of a bacterial tae2 gene to the common ancestor of ticks and mites approximately 400 million years (Myr) ago (Figs 1b-d and Extended Data Figs 1, 5a, b) 13 . The complete genome sequence of the Acariform mite Tetranychus urticae does not possess dae2, indicating that loss of the gene has also occurred. Partial dae2 sequences in the genomes of two scorpion species and the horseshoe crab share an intron position with dae2 from ticks and mites, suggesting that dae2 introduction into arthropods may have occurred as early as 550 Myr ago (Extended Data  Fig. 5c ). Similarly, dense sampling of dae4 genes in gastropod and bivalve mollusks, as well as a shared dae4 intron position across all sampled mollusks and an annelid, dates the origin of dae4 in these animals to at least 400 Myr ago (Fig. 1a, Finally, a second dae4 present in a species of choanoflagellates, sea anemones, acorn worms and lancelets is most parsimoniously explained by a single HGT event followed by vertical inheritance and loss in multiple lineages, dating this dae4 acquisition to before the base of the metazoan lineage (.800 Myr ago) (Fig. 1a , dark red, and Extended Data Fig. 4) . However, owing to sparse sampling and lack of evidence of shared synteny, we cannot rule out more recent HGT to and between these eukaryotic lineages 4 . In summary, we find compelling evidence that at least two animal lineages have retained a bacterially derived antibacterial gene for hundreds of millions of years.
Several lines of evidence led us to hypothesize that dae genes provide an adaptive function to their eukaryotic hosts. We found strong signatures of purifying selection acting on dae2 and dae4 genes (Extended Data Table 1 ). Additionally, eukaryotic Sec signals were identified in the majority of Dae proteins, including representatives from each of the predicted HGT events (Extended Data Fig. 6 ). Secretion of bacterial Tae proteins occurs through the Sec-independent type VI secretion system (T6SS); thus, acquisition of a Sec signal is indicative of functional specialization involving export from eukaryotic cells. Finally, the majority of Dae proteins possess the cysteine-histidine catalytic dyad and flanking motifs of their corresponding Tae families, consistent with retention of enzymatic activity (Extended Data Fig. 6 ).
We next sought evidence for expression of eukaryotic dae homologues belonging to each of the transferred bacterial tae families. We found dae2 expression during both the unfed nymphal and unfed adult life stages of the hard tick I. scapularis, with levels significantly elevated in adults (Fig. 2a) . In the amoeba Naegleria gruberi, we observed a basal level of expression of each of the three dae3 homologues in trophozoite (amoeba) cells, which increased during differentiation into flagellates (Fig. 2b) . A published expression profile of the lancelet Branchiostoma floridae indicates that expression of dae4 is enriched at the neurula stage of development 15 . Together, these data strongly support the hypothesis that dae genes have been functionally integrated into recipient physiology.
The Tae families display unique specificities against PG. Within PG typified by Gram-negative Proteobacteria, enzymes from families 1 and 4 cleave at the c-D-glutamyl-meso-diaminopimelic acid (mDAP) bond, whereas those from families 2 and 3 cleave the mDAP-D-alanine bond crosslinking the peptide stems (Fig. 2c ) 3, 12, 16 . To test whether Dae proteins can hydrolyse PG, we incubated purified Dae2, Dae3 and Dae4 representatives from I. scapularis, N. gruberi and B. floridae, respectively, with isolated Escherichia coli PG sacculi. High-performance liquid chromatography (HPLC) analysis of reaction products demonstrated that each of the enzymes hydrolyses PG (Fig. 2d, e) . Remarkably, Dae2, Dae3 and Dae4 show substrate specificity matching that of the characterized extant Tae homologues within corresponding families (Fig. 2c) . These data support the hypothesis that dae homologues, derived from three tae families, have been retained in eukaryotic genomes due to their PG amidase activity. We did not find evidence supporting the transfer of housekeeping bacterial amidases to these organisms, leading us to speculate that genes encoding T6S effectors-enzymes that intoxicate recipient cells at exceedingly low concentrations-might be especially amenable to preservation after HGT 17 . Within eukaryotes, enzymes with PG-degrading activity might have immunoregulatory roles, or act directly as antibacterial factors like the Tae toxins 18 . To explore the functional significance of a domesticated tae gene, we focused on dae2 from the deer tick I. scapularis, an important vector for numerous diseases, including Lyme borreliosis and anaplasmosis 19 . Western blot analysis of adult I. scapularis demonstrated that Dae2 is present in the salivary glands and midgut (Fig. 3a) . I. scapularis is an ectoparasite that requires a blood meal for life-stage transitions; pathogens are typically acquired during feeding and transmitted to a new host at the next blood meal. Accordingly, the midgut and salivary glands interface with bacterial pathogens and influence their transmission 20 . 
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To understand how Dae2 could contribute to innate bacterial defence within I. scapularis, we tested its capacity to cleave diverse PG structures representative of bacteria the organism encounters in the environment 21 . Consistent with its ability to degrade E. coli PG, we found that Dae2 degrades a related form of the cell wall present in Firmicutes belonging to the class Bacilli (Extended Data Fig. 7a ) 16 . We did not detect cleavage of the lysine-type PG found in Streptococcus pneumoniae, which represents the second major PG type found in Firmicutes (Extended Data Fig. 7b ). Although the ultrastructure of the B. burgdorferi sacculus is not well defined, its amino acid composition appears to differ from that of well-characterized bacterial cell walls 22 . Incubation of B. burgdorferi sacculi with Dae2 led to the accumulation of specific enzymatic degradation products, indicating that the cell wall of this organism is also a substrate of the amidase (Extended Data Fig. 8 ).
The Dae proteins are reminiscent of an evolutionarily conserved group of bacteriophage-related eukaryotic innate immune amidases, the PG recognition proteins (PGRPs) 18 . Some PGRPs are directly bacteriocidal and act by hydrolysing PG, whereas others exert antibacterial activity through alternative mechanisms 23 . We found that exogenous Dae2 is not toxic to intact E. coli cells. By contrast, Dae2, but not a catalytically inactive variant of the enzyme (C43A), administered to outer-membranepermeabilized E. coli or targeted to the periplasm via the Sec pathway, is highly lytic (Fig. 3b-d) . Moreover, exogenous Dae2 is bacteriocidal against B. subtilis, which has cell-surface-exposed PG (Fig. 3d) . Together, these results strongly suggest that Dae2-dependent antibiosis is solely the result of its amidase activity and that the enzyme would require outer membrane permeabilizing agents such as antimicrobial peptides to act in vivo.
B. burgdorferi is the causative agent of Lyme disease, the most prevalent vector-borne illness in the United States 24 . Given the antibacterial e, Dae2 transcript levels quantified by qRT-PCR in RNAi-treated engorged ticks. f, At 2 weeks post-engorgment, spirochaete levels were quantified in ticks that had received the indicated RNAi treatments, using qPCR analysis of flaB, a B. burgdorferi-specific gene, and normalized to TROSPA, a tickspecific gene. n 5 20. Each data point in e and f represents three nymphs. Horizontal bars represent mean values, which were significantly different in a two-tailed nonparametric Mann-Whitney test (P , 0.05).
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activity of Dae2 (Fig. 3b-d Data Fig. 8) , and its localization to sites that interface with bacteria ( Fig. 3a) , we hypothesized that Dae2 could have a role in regulating B. burgdorferi populations in I. scapularis. We tested this possibility using RNA interference (RNAi)-mediated knockdown of dae2 (Fig. 3e) . RNAi-treated nymphal ticks were fed to repletion on B. burgdorferi-infected mice, and spirochaete load was assessed at engorgement and again after 2 weeks. At repletion, we observed no detectable difference in B. burgdorferi levels in control and experimental RNAi-treated ticks, indicating that Dae2 activity does not limit initial acquisition of the bacterium (Extended Data Fig. 9a ). By contrast, at 2 weeks post-engorgement, B. burgdorferi levels were significantly elevated in the dae2 knockdown group (Fig. 3f) . The effect of Dae2 disruption on B. burgdorferi levels is unlikely to be due to variations in tick feeding or general fitness, as we observed no difference between the groups in engorgement weights at either time point (Extended Data Fig. 9b) . Furthermore, overall bacterial load was similar between the groups, suggesting that the increase in B. burgdorferi did not result from gross changes in populations of tick-associated microbes (Extended Data  Fig. 9c ). The ability of Dae2 to act on a wide range of bacterial cell walls leaves open the possibility that compositional changes to the tick microbiome may contribute to the effect of the knockdown on B. burgdorferi 25 .
On the basis of these findings, we conclude that Dae2 contributes to the innate ability of I. scapularis to control B. burgdorferi levels after its acquisition. This has potential ramifications for Lyme disease transmission, as spirochaete load in the tick can influence transmission efficiency 26 . We demonstrate that bacterial genes encoding antibacterial effectors of the T6SS have been horizontally transferred to diverse eukaryotes. The recurrent and independent transfer of tae genes to distinct eukaryotic lineages suggests that these toxins can confer immediate fitness benefits by supplying new function to the innate immune system 10 . Recent studies have revealed that the number and diversity of factors that mediate interbacterial antagonism is greater than once appreciated. Thus, we speculate that competition between bacteria generates a reservoir of genes-beyond the tae superfamily-with the potential to confer antimicrobial capacity to eukaryotes upon acquisition.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Computational searches. Homologues of tae were searched for using iterative PSI-BLAST 29 . First, bacterial homologues were assembled using PSI-BLAST searches limited to bacterial sequences in the non-redundant (NR) protein database. Sequences with e-values , 1 3 10 210 (for tae2) or , 1 3 10 220 (for tae1, tae3 and tae4) and greater than 50% query coverage were included in successive rounds until no new homologues were identified. Position-specific scoring matrix (PSSM) was used to query the NR database limited to eukaryotic sequences. Eukaryotic homologues with e-values , 1 3 10 25 were used to initiate an iterative PSI-BLAST search for eukaryotic proteins, as described earlier (e-value cut-off 1 3 10
25
). Eukaryotic homologues were validated by the presence of introns or flanking eukaryotic genes. To validate the Oxytricha trifallax dae3 gene identified in the macronucleus genome, we searched the unpublished micronucleus genome (http://oxy.ciliate.org/blast/) for evidence of a fragmented dae3 gene that would be consistent with gene rearrangement in this species 28 . Expressed sequence tag (EST), whole-genome sequencing (WGS) and transcriptome databases were searched with tBlastN 29 using validated dae genes. We acknowledge the deposition of unpublished data into these databases from multiple sources, including Baylor College of Medicine Human Genome Sequencing Center (https://www.hgsc.bcm.edu), The Genome Institute at Washington University School of Medicine (http://genome.wustl.edu), the US Geological Survey (http://www.usgs.gov), the Functional Genomics Center Zurich (http://www.fgcz. ch), the Joint Genome Institute (http://jgi.doe.gov) and the Broad Institute (http:// www.broadinstitute.org). Hits from EST or transcriptome databases were accepted in cases where the hit was more closely related to a validated dae gene than a bacterial tae gene. When gene predictions based on genomic sequences differed from experimental data from EST or transcriptome databases, we used experimental data to confirm or modify the predicted protein sequence. For instance, the predicted dae2 gene from I. scapularis (NCBI protein database accession gij242000170) lacks a secretion signal, whereas the sequence from EST data (NCBI EST database accession gij156264544) differs from the sequence in the protein database in the first exon, resulting in a strongly predicted secretion signal similar to the other tick sequences. Phylogenetic and evolutionary analysis. Bacterial and eukaryotic sequences were aligned using MUSCLE 30 and edited using Geneious 31 . Regions encompassing the catalytic domain were used for phylogenetic analyses; sequences with .98% identity were excluded. The best-fitting evolutionary model was determined by Prottest 32 . Maximum likelihood phylogenetic trees were generated with PhyML 33 using 500 bootstrap replicates. To validate phylogenetic inferences, Bayesian Markov chain Monte Carlo (MCMC) analyses were performed in MrBayes 34 , sampling every 500 generations until the standard deviation of split frequencies was ,0.01 or 10 6 generations were sampled. Tests for purifying selection were performed on aligned and degapped nucleotide sequences of dae or tae genes. Whole gene non-synonymous/ synonymous (dN/dS) ratio calculations, as well as statistical tests for purifying or positive selection for individual codons, were performed using SLAC in the HyPhy software suite 35 . Additional statistical tests in the HyPhy software suite (REL and FUBAR) confirmed that several tae and dae codons display statistically significant signatures of purifying selection. No codons demonstrate signatures of positive selection. N-terminal eukaryotic secretion signals were predicted using SignalP 36 using default cut-off values. Sequence logos were constructed using Geneious. DNA libraries. For N. gruberi cDNA libraries, strain NEG was grown on Klebsiella and differentiated using standard protocols 37 . Synchrony was estimated by percentage of flagellates after fixing in Lugol's iodine (n . 100 per time point) 38 . 10 7 cells were harvested per sample. For I. scapularis cDNA libraries, ticks from the Tick-Rearing Center at Oklahoma State University were homogenized by grinding in liquid nitrogen. RNA and DNA was purified from I. scapularis and N. gruberi samples with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Contaminating genomic DNA in RNA samples was removed by treatment with Turbo DNase (Invitrogen) for 1 h at 37 uC, followed by a second TRIzol purification. DNA contamination was checked by PCR using actin-or GAPDH-specific primers for I. scapularis and N. gruberi, respectively. cDNA libraries were synthesized using the iScript cDNA synthesis kit (Biorad). Expression of Dae proteins. The codon-optimized dae genes from I. scapularis (dae2), N. gruberi (dae3) and B. floridae (dae4) with predicted signal sequences removed were synthesized by GenScript and cloned into the pHis-sumo expression vector. Shuffle T7 pLysS cells were transformed with plasmids, and expression was induced at an optical density (OD 600 nm ) of 0.6 with 0.1 mM isopropyl-b-Dthiogalactopyranoside for 20 h at 18 uC. Cells resuspended in 20 mM HEPES pH 7.5, 0.5 M NaCl, 25 mM imidazole were lysed by sonication. Lysate was cleared by centrifugation for 1 h at 18,000g, and proteins were purified with a metal-chelating affinity column. The tag was proteolytically removed with the H3C and separated from proteins using a second affinity column and size exclusion chromatography (GE Healthcare). Sacculus analysis. PG sacculi from E. coli D456 (DdacA DdacB DdacC) were purified as previously described 39, 40 . Preparations (300 mg) were incubated with Dae2 (1 mM), Dae3 (10 mM) or Dae4 (10 mM) in 300 ml of 20 mM HEPES pH 7.5, 100 mM NaCl for 4 h at 37 uC. PG sacculi from B. subtilis 168 (300 mg) or from S. pneumoniae R6 (120 mg) were incubated with Dae2 (6 mM) for 4 h at 37 uC. The samples were digested with cellosyl, reduced and analysed by HPLC using published methods 40 . For preparations from B. burgdorferi, the B31-MI-16 strain, an infectious clone of the sequenced type strain B31, was cultured at 34 uC to early mid-log exponential growth [41] [42] [43] . Cultures were chilled on ice for 10 min and gently harvested by centrifugation at 3,250g for 15 min. Pelleted cells were washed three times and resuspended in cold PBS. Cell suspensions were added, drop-wise, to 6 ml of 8% SDS and boiled for 30 min. PG was prepared, incubated with Dae2 (1 mM) for 4 h at 37 uC, and analysed as previously described 40 , with the exception of HPLC buffer B, which contained 30% methanol. Western blot analysis. Tissues were dissected from I. scapularis ticks purchased from the Tick-Rearing Center at Oklahoma State University. A rabbit polyclonal antibody specific for I. scapularis Dae2 was generated by GenScript using a synthetic peptide corresponding to Dae2 amino acids 123-136 (RYGNTGKPNYNGDN, Lot #195690-4). Mouse anti-actin antibody from Abcam (GR14272-8) and antirabbit (A6154) and anti-mouse (A4416) horseradish peroxidase (HRP)-conjugated secondary antibodies from Sigma were used. Western blot analyses and imaging were performed as previously described 44 . Four replicate analyses of tissues were performed; a representative blot is shown in Fig. 3a . Growth curves. E. coli growth curves were generated as previously described 11 . The vector pSCHRAB2 was used for expression of cytoplasmic I. scapularis Dae2, and the pSCRHAB2 vector with a pelB leader sequence inserted was used for expression of periplasmic Dae2. Curves are representative of three biological experiments and contain technical triplicates. Lysis assays. Assays were performed as previously described 45 . E. coli reactions were carried out at enzyme concentrations of 1 mM; B. subtilis reactions were carried out at concentrations of 1 mM (lysozyme) and 50 mM (Dae2). Curves are representative of three biological experiments and contain technical triplicates. Bacterial killing assays. Colonies of E. coli or B. subtilis cells grown on solid LB media were washed in 0.23 PBS pH 6 and resuspended to an OD 600 nm of 0.1 and 0.01, respectively. Cells were incubated with recombinant Dae2 enzyme (wild type or C43A) at room temperature for 3 h, and serial dilutions were plated on solid LB. Viability was quantified by enumeration of colony-forming units. Curves contain four technical replicates. Mouse and RNAi experiments. All animal experiments and tick protocols were approved by the Institutional Animal Care and Use Committee at Indiana University. The low-passage, virulent B. burgdorferi strain 5A4NP1, a derivative of B31-MI, was a gift from H. Kawabata and S. Norris, University of Texas Health Science Center. The strain was cultivated in Barbour-Stoenner-Kelly (BSK-II) medium supplemented with 6% normal rabbit serum (Pel Freez Biologicals) at 35 uC with 5% CO 2 . Kanamycin was added to the culture at 300 mg ml
21
. The mouse feeding experiments were conducted in the Vector-borne Diseases Laboratory at Indiana University School of Medicine. Briefly, 4-week-old C3H/HeN mice were needleinfected with B. burgdorferi (10 5 spirochaetes per mouse). Two weeks post-inoculation, mouse infection was confirmed by cultivation of ear-punch biopsy specimens to assess spirochaete growth. A single growth-positive culture was used as the criterion for infection of each mouse.
RNAi in nymphal ticks was performed using previously described protocols 46 . To generate double-stranded RNA (dsRNA), 374 bp of I. scapularis dae2 and 356 bp of the green fluorescent protein gene (gfp) were amplified using the following primers containing the T7 promoter: gfp_RNAi_F, GAGCTCTAATACGACTC ACTATAGGGAGAGTGTGAGTTATAGTTGTATTCCAAT; gfp_RNAi_R, GG TACCTAATACGACTCACTATAGGGAGAGTGGAGAGGGTGAAGGTGATG CAAC; dae2_RNAi_F, CTAGTCGAGCTCTAATACGACTCACTATAGGGA GACGCTCGTGGTCCTGGGAT; dae2_RNAi_R, CTAGTCGGTACCTAATAC GACTCACTATAGGGAGAGTTGTAGTTGGGCTTCCCTGTA. dsRNA was synthesized and purified from PCR products using a commercial kit (Megascript RNAi Kit, Ambion), and resuspended into elution buffer (10 mM Tris-HCl pH 7, 1 mM EDTA), aliquoted, and stored at 220 uC until further use.
RNAi experiments were performed on a randomized pool of nymphs reared from three engorged female ticks collected from the wild. Five microlitres of the dae2 or gfp dsRNA (3 mg ml
) was loaded into capillary tubes, and 0.5 ml dsRNA was microinjected into the gut of each unfed nymph, as recently described 47 . Microinjected ticks were allowed to rest in a temperature-controlled humidity chamber for 16 h and ,100 nymphs were subsequently fed on B. burgdorferi-infected female 4-6-week-old C3H/HeN mice. Two mice were included per RNAi treatment to account for potential variability in B. burgdorferi infection loads. Ticks were allowed to feed to repletion (3-5 days) and collected within 24 h (t 5 0). Fed ticks were maintained in a temperature-controlled incubator until the indicated time point (2 weeks). Knockdown efficiency was analysed by qRT-PCR analysis of dae2 levels
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Extended Data Figure 1 | Genomic evidence for validated eukaryotic dae genes. Eukaryotic dae genes from the indicated organisms are listed adjacent to schematic representations of available predicted open reading frames (colour-coded according to family as in Fig. 1a ) and corresponding genomic context of dae genes. Flanking genes are colour-coded according to organisms that homologues of these genes are found in (broadly, in eukaryotes, black; only closely related eukaryotic species, grey; both bacteria and eukaryotes, white). Diagonal lines denote ends of genomic contigs. In the right column, splice sites (red vertical lines) and conserved intron positions (red dashed circles) are shown. In Oxytricha trifallax, the somatic nucleus (macronucleus) contains ,16,000 chromosomes and is a rearranged form of the germline nucleus (micronucleus) 28 . The complete dae3 gene in Oxytricha is found in the macronucleus on a chromosome with three characteristic GGGGTTTT telomere sequences. Three fragments comprising the dae3 gene are found in the micronuclear genome (http://oxy.ciliate.org/). In Nematostella vectensis and Branchiostoma floridae, lineage-specific duplication events have resulted in two adjacent dae4 paralogues with gene names labelled (numbers). In Capitella teleta and Lottia gigantea, shared synteny on both sides of the dae4 gene is indicated (red dashed circles). In both phylogenetic trees, the two eukaryotic dae2 clades are well supported as monophyletic clades, supporting our conclusion of two HGT events. Likewise, many major bacterial groups are well supported in both trees. Differences in the overall topology of the trees, mostly owing to changes in deep branches that are not well supported in either phylogenetic tree, reflect uncertainty in the ancient history of these genes and should therefore be treated with caution. Eukaryotic dae4 genes are indicated by dashed boxes, which highlight two separate HGT events. In both trees, the two eukaryotic dae4 clades are well supported as monophyletic clades, supporting our conclusion of two separate HGT events. Likewise, many major bacterial groups are well supported in both trees. Differences in the overall topology of the trees, mostly owing to changes in deep branches that are not well supported in either phylogenetic tree, reflect uncertainty in the ancient history of these genes and should therefore be treated with caution.
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Extended Data Figure 5 | Evidence for dae2 in other chelicerates. a, Alignment of Dae2 from ticks and mites (I. scapularis and M. occidentalis) with Dae2 sequences from partially assembled genomes of two scorpions (Mesobuthus martensii and Centruroides exilicauda) and the horsehoe crab (Limulus polyphemus). Splice junctions are denoted (vertical red lines). All three alignable partial sequences start (red diagonal slashes) in the same position as the shared splice site in tick and mite dae2 genes, suggesting that this is probably the beginning of the exons in all dae genes shown. A second intron position is shared between the tick, scorpion and horseshoe crab dae genes and is nearby the mite intron position. b, Phylogenetic tree based on partial nucleotide sequences of dae2 from the indicated chelicerate species. Scale bar shows estimated divergence, in substitutions per nucleotide. c, Chelicerate phylogeny with approximate dates of divergence 13 . The unknown divergence time of sarcoptiform and trombidiform mites is indicated by a question mark. We find no evidence for dae2 in the complete genome of the trombidiform mite Tetranychus urticae nor in the partial (several species) or complete genome (Stegodyphus mimosarum) of any spider. Putative dae2 gene loss events in trombidiform mites and spiders are denoted (dashed lines).
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